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The presence nnd localization of varions
endogenous lipids in both animal and human
epidermis has been well documented qualita-
tively and in some cases quantitatively (1—8),
and an excellent review has appeared recently
(9). There is considerable evidence to indicate
the importance of lipids in normal structure
and function of epidermis. For example, ani-
mals made deficient in dietary essential fatty
acids have been shown to develop morphologic
alterations of the epidermis and increased cpi-
dcrmal permeability to water (10). humans
treated with triparanol, a drug which blocks
the terminal pathways in cholesterol biosyn-
thesis, develop an ichthyosiform epidcrmal
hypcrkcratosis, as well as an associated pattern
of hair loss (11). The present studies derived
from speculation on the relationship between
the chief function of epidermis, that of estab-
lishing a barricade between external events
and/or substances and the internal environment,
and thc chief hiochcmical constituent and prod-
uct of epidermis, the fibrous protein(s) called
keratin. Advances in molecular biology indicate
that most if not all membrane "barriers" in
nature are complexes of protein and lipids,
usually phospholipids and cholesterol (9). In
vitro creation of artificial membranes (12, 13)
has confirmed the plausibility of specific phos-
pholipids and cholesterol interacting as integral
and successful components of such systems.
The exact physical and chemical relationships
of these lipids with protein arc not completely
resolved, though several interesting hypotheses
have been introduced (14—17).
The extent to which such lipids arc associated
with protein in epidermal tissues, and to what
degree and in what fashion such association
influences epidermal structure and function, re-
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mains unknown. A lipid-protein complex has
been isolated from hair (18), and a poorly de-
fined association of lipid, protein, and carbohy-
drate has been reported in extractions of callus
and psoriatic scale (19). The terms "keratin-
bound horny layer lipids" and "kcratin-bound
protcolipids" (20) are based upon degree of
difficulty of extraction from horny tissue; thus,
they might be cell wall lipids, rather than
bound to keratinous proteins specifically. Elec-
tron microscopic localization of lipids in appar-
ent close relationship with kcratin fibers in
epidermis has been described by Swanbcck (21)
and Swanbcck and Thyrcsson (22) but has
been denied in other types of kcratinizing
tissues (23).
It seems reasonable to consider the postulate
that epidermal phospholipids and cholesterol in
combination with the tightly packed kcratinous
proteins in human stratum corneum might be
responsible for at least some of the barrier func-
tions of human epidermis. Such a concept has
been previously suggested by Mali (24), by
Berenson and Burch (25), and by Onken and
Moyer (26) on the basis of the effect of both
lipid and protein solvents on the physiologic
water barrier. Qualitative identification of phos-
pholipids and cholesterol apparently bound to
in vitro isolates of human callus proteins and the
in vitro production of a "lipid-kcratin" plug
capable of limiting water transport have been
previously described (27). This report details
quantitation of these lipid classes and clarifies
some previously inexplicable data indicating
that certain epidcrmal keratinous proteins are
unusually resistant to acid hydrolysis (28, 29).
METHOn5 AN!) MATERIALS
Non-medicated human plantar callus was chosen
as a protein source in preference to epidermis in
order to minimize the presence of sebaccous lipids.
Keratinous protein which precipitates at pH 6.3
and pH 5.5 from alkaline solution was prepared
as described elsewhere (28, 29). The reasons for
considering these particular proteins significant
representatives of in eieo keratin have been
previously detailed (28, 29). Extraction of lipid
material from the isolated protein was accom-
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plished with chloroform/methanol (2:1 by vol-
ume). Organic phosphorus was quantitated by
the method of Lowry as modified by Larrabee
et at (30). Cholesterol determination was per-
formed by the method of Glick et at (31) with
final volumes increased to 1.0 ml. Hydrolysis of
protein for amino acid analysis was effected with
6 N HC1 in sealed tubes at 110°C for 24 and 72
hours in duplicate. Amino acid analysis was per-
formed with a Beckman/Spino Model 120 Amino
Acid Analyzer and the results corrected for de-
struction of serine and threonine. Trypsm* diges-
tion utilized 1:100 ratio of enzyme/protein in 0.1
M (NH4)2C05 at 37°C for 2 to 72 hours with
appropriate controls.
Cholesterol binding in vitiro was studied as
follows: 6.3 and 5.5 proteins were freed of endog-
enous lipids by chloroform/methanol extraction.
Cholesterol (Pfanstiehl Labs Thc.) was purified by
recrystaffization. The proteins were either sus-
pended in distilled water (10 mg/10 ml) or redis-
solved in alkali (10 mg protein/lO ml .02 N
NaOH). 100 and 200 gm of cholesterol in 10 and
20 zl acetone were added to separate 10 ml
preparations of each type of protein and mixed for
two hours. Since higher temperatures have been
shown to increase the conversion of 6.3 protein
to the 5.5 type (28, 29), this was minimized by
mixing and precipitating at 40C. The dissolved
proteins were precipitated with acid at their ap-
propriate pH, washed with water X 3, and ex-
tracted with chloroform/methanol for cholesterol
determination. The suspended proteins were
simply centrifuged, washed, and extracted.
RESULTS
The amounts of phospholipid (approximate)
and cholesterol bound to in vitro isolates of
the pH 63 and 5.5 callus proteins are shown
in Table I. The phospholipid calculation is an
approximation based upon a 25-fold multi-
plicand of the amounts of organic phosphorus.
The results agree with the semi-quantitative
estimates based upon thin-layer chromato-
graphic methods (27). No organic phosphorus
was detected in the 5.5 protein which correlates
with the lack of detectable phospholipid by
thin-layer chromatography (27). It is inter-
esting (27) that an effective in vitro barrier to
water transport could not be formed from this
5.5 protein in contrast to the 6.3 protein which
does contain small amounts of phospholipid-
phosphorus.
The quantities of cholesterol bound to the
protein isolates (Table I) are in general agree-
ment with the binding capacities of these same
proteins as determined in vitro (Table II),
* 3 )< crystallized, lyophilized, Worthington.
TABLE I
Amounts of cholesterol and phospholipid bound to
callus pH 6.3 and 5.5 proteins obtained by
alkaline solubilization
Cholesterol
(FeCl5-Glick)
6.3 protein
percent pgm/mg
0.7 7
5.5 protein
percent sigm/ing
0.4 4
Phospholipid(molybdate —
P X 25)
0.02 0.2 0
(<0.003)
0
TABLE II
Cholesterol binding capacity of isolated lipid-free
callus 6.3 and 5.5 proteins
Final Concentra-
tion of Added
Cholesterol
Amount Cholesterol Bound (pgm/mg protein)
pH 6.3 protein pH 5.5 protein
Suspended Dissolved Suspended Dissolved
2.3 12.0lOugm/ml 3.0 34*
20gm/ml 3.4 3.0* 3.3 15.0
* Includingthat bound to 5.5 protein converted
from 6.3 during solubilization (28, 29).
particularly in suspension. The increased affinity
of alkali-dissolved pH 5.5 protein for choles-
terol will be discussed later. The values for
dissolved pH 6.3 protein are complicated by
the conversion of the 6.3 protein to the 5.5
form during solubilization (28, 29) and are re-
ported as the combined amount from re-
covered 6.3 plus 5.5 proteins.
Amino acid composition of the 24-hour and
72-hour protein hydrolysates of lipid-extracted
6.3 and 5.5 protein did not reveal increased
amounts of glycine, alanine, and glutamic and
aspartic acids at the 72-hour interval in con-
trast to the non-lipid extracted proteins (Table
III). In other words, the requirement for
prolonged acid hydrolysis to effect complete
release of these amino acid residues from 6.3
and 5.5 proteins (28, 29) was abolished by
extraction with lipid solvents. As would be ex-
pected, prolonged hydrolysis was still required
for complete release of valine and isoleucine, a
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TABLE III
Percent change in residue yield of callus 6.3 protein
with prolonged acid hydrolysis (72 hr. vs 24 hr.
6 NaC1 1100 C)
Non-lipidExtracted LipidExtracted
Glycine
Alanine
Aspartic acid
Glutamic acid
+12.2
+8.9
+6.4
+14.0
0 (+0.005)
0 (—0.002)
0 (+0.007)
0 (—2.5)
Valine
Isoleucine
+23.8
+18.3
+25.7
+13.6
property of many proteins apparently based
upon protective side-chain configurations near
the valyl or isoleucyl peptide-bond (32, 33).
Enzymatic hydrolysis of non lipid-extracted
proteins could not be brought to completion as
judged visually by lack of clarity of solution
and by the inability to prepare satisfactory
peptide maps in contrast to lipid-extracted pro-
teins. The peptide fingerprint data will consti-
tute the body of a separate report, hence will
not be detailed here.
DISCUSSION
The small amounts of phospholipids and
cholesterol found associated with in vitro iso-
lates of pH 6.3 protein, and cholesterol alone
with the pH 5.5 protein, cannot be directly
related to possible barrier function of such a
lipid/protein combination. The majority of
natural membranes have a much higher ratio
of lipid to protein than has been demonstrated
here. For analogous reasons, Nicolaides (9) Sug-
gests that it is the cell membranes of stratum
corneum which form a barrier. It is not known,
however, what proportion of lipid or protein is
necessary in the finite membrane structure.
Possibly epidermal keratinous proteins bind a
greater percentage of lipids than the callus
proteins used here. As will be discussed, water
transport across plantar stratum corneum is
greater than in other types of epidermis, which
could indicate less phospholipid binding and de-
creased barrier capacity. Clarification of these
points will require much additional data.
The reason for the increased in vitro affinity
of redissolved 5.5 protein for cholesterol (Table
2) in comparison to redissolved 6.3 or sus-
pended 6.3 or 5.5 is not immediately evident.
Interestingly, Richardson et al (34) have shown
that mitochondrial protein exposed to alkali
has increased capacity for binding phospholipid.
It is also intriguing (and possibly unrelated)
that these authors in defining the nature of
structural protein of membrane systems indi-
cate that such proteins are water-insoluble, and
in the case of mitochondrial and microsomal
preparations solubilized at pH 12. Both of these
facts are equally true of the major epidermal
keratinous proteins.
Wurster and Dempski (35, 36) indicate that
cholesterol, in contrast to certain fatty acids, is
not bound to "keratin". There are several rea-
Sons why their data may differ from those pre-
sented here. Powdered callus was used as
substrate rather than extracted keratinous pro-
teins. This material was previously extracted
with ether only, a solvent which does not re-
move many types of lipids from horny tissues.
Potential cholesterol binding sites might have
retained endogenous cholesterol despite the
ether extraction, thus blocking these sites to
further exogenous cholesterol binding. Finally,
the lower limits of detectability by their meth-
ods are not mentioned. It is possible that small
degrees of cholesterol binding would not have
been detected.
The effectiveness of extraction with chloro-
form/methanol in removing the requirements
for prolonged acid hydrolysis of 6.3 and 5.5 pro-
teins in order to release completely all residues
of glycine, alanine, glutamic and aspartic acids
clarifies a laboratory curiosity (28, 29) at the
very least. These results, plus the resistance of
non-lipid-extracted proteins to enzymatic diges-
tion, provide an interesting new hypothesis re-
garding the so-called chemical resistance of epi-
dermal keratin. It is quite plausible that some
of this resistance is in fact due to protection by
bound lipid moieties and not an inherent prop-
erty of the fibrous proteins themselves. How-
ever, it cannot be proven whether this effect is
due to the actual removal of lipid components
or due to some unknown direct effect on the
proteins themselves.
The report of Jarrett et cii (37) detailing the
distribution of phospholipids and alkaline phos-
phatase in epidermis is of particular relevance
to the postulates discussed here. In essence,
these authors state that phospholipids are
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found in maximal quantity in the granular
layer in normal epidermis, but shift to the
horny layer when conditions resulting in para-
keratosis are present (psoriasis, normal mouse
tail epidermis). The fact that phospholipids are
first seen in quantity in the granular layer is
interpreted to mean that phospholipids at
lower levels in the epidermis are masked by
combination with proteins, then freed at the
granular level by enzymatic attack. Continued
enzymatic digestion is said to explain the lack
of histochemically demonstrable phospholipids
in normal stratum corneum. In conditions of
parakeratosis, the authors say, decreased en-
zymatic activity at the granular layer allows
the phospholipids to remain intact into the
overlying parakeratotic stratum corneum. It is
difficult to reconcile this interpretation with
the probable role of phospholipids in barrier
function, known to be located above the granu-
lay layer (and indeed with the known biochemi-
cal presence of phospholipids in normal stratum
corneum). In fact, the barrier to water trans-
port in psoriatic parakeratotic scale is markedly
diminished even though the histochemically
demonstrable phospholipids are apparently in-
creased.
A modified explanation can be fashioned from
the same data. If, as the authors state, protein-
bound phospholipid is unreactive histochemi-
cally, then phospholipids in combination with
fibrous keratin as postulated for barrier func-
tion also might be unreactive; hence the lack
of phospholipid staining in normal stratum
corneum. In the parakeratotic scale of psoriasis,
where incomplete polymerization of keratinous
proteins is probable (38, 39), the phospholipids
may not be properly bound to such proteins;
this could help account both for the increased
availability of phospholipids for histochemical
staining and perhaps for the decreased ability
of this tissue to limit water transport. Indeed,
Jarrett et al (37) indicate that phospholipids
in psoriatic "keratin" are less tightly bound
than in the mouse scale, and Swanbeck and
Thyresson (22) have presented electron micro-
scopic evidence of abnormal lipid/protein rela-
tionships in psoriatic scales.
Such a re-interpretation would also comply
with the data of Kingery and Kellum (10)
who demonstrated a similar shift of stainable
phospholipids from the granular layer to the
stratum corneum in rats made deficient in essen-
tial fatty acids, a condition known to result in
impairment of the epidermal water barrier.
This amended proposition in no way detracts
from the overall hypothesis of Jarrett et al
(37) but rather augments it in such a fashion as
to more reasonably relate histochemical and
physiologic data.
One might object that the present data are
based upon plantar material which differs from
normal epidermis in its histochemical phospho-
lipid content (37). On the other hand, the
slight increase in (acid hematin-reactive) phos-
pholipids in plantar skin fits exactly the hy-
pothesis suggested here, since the increased
stainability might reflect incomplete protein
binding in plantar stratum corneum and in turn
explain the slightly less effective water barrier
in normal plantar epidermis (40).
The problem of exact terminology of lipid
protein complexes such as those described has
been purposefully avoided in this manuscript.
Semantic definitions, including proteolipid and
lipoprotein, do not exactly fit the present situa-
tion and indeed are in themselves subject to
periodic redefinition with biochemical progress.
SUMMARY
1. Small amounts of phospholipids and cho-
lesterol bound to major callus protein fractions
during extraction have been quantitated.
2. Extraction with chloroform/methanol abol-
ishes the requirement of these protein fractions
for prolonged acid hydrolysis in order to re-
lease completely certain amino acid residues.
3. The binding capacity of lipid-free, iso-
lated, keratinous proteins for cholesterol has
been studied.
4. A plausible (though unproven) role for
phospholipids, cholesterol, and keratin in the
barrier functions of epidermis is re-emphasized.
REFERENCES
1. Blomstrand, R., Fregert, S. and Nakayama, F.:
Phospholipid composition of human epi-
dermis. Acta Dermatovener., 41: 281, 1961.
2. Carruthers, C., Davis, B. and Quevedo, W. C.,
Jr.: The influence of the hair growth cycle on
the lipid composition of mouse epidermis
and dermis. Proc. Soc. Exp. Biol. Med., 105:
259, 1960.
3. Gerstein, W.: The phospholipids of normal
and psoriatic skin. J. Invest. Derm., 40: 105,
1963.
4. Haahti, E.: Major lipid constituents of human
554 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
skin surface. Clin. Lab. Invest., 13: Supp. 59,
1961.
5. Kooyman, D. J.: Lipids of the skin. Some
changes in the lipids of the epidermis during
the process of keratinization. Arch. Derm.
(Chicago) 25: 444, 1932.6. Nicolaides, N. and Rothman, S.: The site of
sterol and squalene synthesis in the human
skin. J. Invest. Derm., 24: 125, 1955.
7. Reinertson, R. P. and Wheatley, V. R.: Studies
on the chemical composition of human epi-
dermal lipids. J. Invest. Derm., 32: 49, 1959.
8. Wheatley, V. R.: The nature, origin and pos-
sible functions of the cutaneous lipids. Proc.
Sci. Sess. Toilet Goods Assoc., 39: 25, 1963.
9. Nicolaides, N.: Lipids, Membranes, and the
Human Epidermis. In The Epidermis, p.
511. (W. Montagna and W. C. Lobitz, Jr.,
editors). New York, Academic Press, 1964.
10. Kingery, F. A. J. and Kellum, R. E.: Es-
sential fatty acid deficiency. Arch. Derm.
(Chicago), 91: 272, 1965.
11. Achor, W. P., Winkelmann, R. K. and Perry,
H. 0.: Cutaneous side effects from use of
triparanol (MER-29): Preliminary data on
ichthyosis and loss of hair. Proc. Mayo Clin.,
36: 217, 1961.
12. Thompson, T. E.: The Properties of Bimolecu-
lar Phospholipid Membranes. In Cellular
Membranes in Development, p. 83. New
York, Academic Press, 1964.
13. Nash, H. A. and Tobias, J. M.: Phospholipid
membrane model: importance of phospha-
tidyl serine and its cation exchange nature.
Proc. Nat. Acad. Sci. USA, 51: 476, 1964.14. Hechter, 0.: Role of water structure in the
molecular organization of cell membranes.
Fed. Proc., 24: S-91, 1965.15. Robertson, J. D.: The ultrastructure of cell
membranes and their derivatives. Biochem.
Soc. Sympos., 16: 3, 1959.16. Rosa, C. G. and Tsou, K.: Demonstration of
the Sjöstrand membrane particles by an
electron cytochemical method. Nature (Lon-
don), 206: 103, 1965.17. Sjöstrand, F. S.: A new repeat structural ele-
ment of mitochondrial and certain cytoplas-
mic membranes. Nature (London), 199:
1262, 1963.
18. Holmes, A. W.: A fatty acid/protein complex
in human hair. Nature (London), 189: 923,
1961.
19. Flesch, P. and Esoda, E. C. J.: Isolation of a
glycoproteolipid from human horny layers.
J. Invest. Derm., 39: 409, 1962.
20. Wheatley, V. R., Flesch, P., Esoda, E. C. J.,
Coon, W. M. and Mandol, L.: Studies of
the chemical composition of the horny layer
hpids. J. Invest. Derm., 43: 395, 1964.
21. Swanbeck, G.: Macromolecular organization of
epidermal keratin: an X-ray diffraction study
of the horny layer from normal, ichthyotic
and psoriatic skin. Acta Dermatovener., 39:
43, 1959.
22. Swanbeck, G. and Thyresson, N.: A study of
the state of aggregation of the lipids in nor-
mal and psoriatic horny layer. Acta Derma-
tovener., 42: 445, 1962.
23. Frazer, R. D. B., MacCrea, T. P., Rogers,
G. E. and Filshie, B. R.: Lipids in keratinized
tissues. J. Molec. Biol., 7: 90, 1963.
24. Mali, J. W. H.: The transport of water through
the human epidermis. J. Invest. Derm., 27:
451, 1956.25. Berenson, G. S. and Burch, G. E.: Studies of
diffusion of water through dead human skin:
the effect of different environmental states
and of chemical alterations of the epidermis.
Amer. J. Trop. Med., 31: 843, 1951.26. Onken, H. D. and Moyer, C. A.: The water
barrier in human epidermis. Arch. Derm.
(Chicago), 87: 584, 1963.27. Crounse, R. G.: Keratin and the barrier: a
human epidermal phospholipoprotein with
water barrier properties. Arch. Environ.
Health (Chicago), 11: 522, 1965.28. Crounse, R. G.: Epidermal keratin: A re-
evaluation. Nature (London), 200: 539, 1963.29. Crounse, R. G.: Alkali-Soluble Human Epi-
dermal Proteins. In The Epidermis, p. 365.(W. Montagna and W. C. Lobitz, Jr., edi-
tors.) New York, Academic Press, 1964.
30. Larrabee, M. G., Klingman, J. D. and Leicht
W. S.: Effect of temperature, calcium and
activity on phospholipid metabolism in a
sympathetic ganglion. J. Neurochem., 10:
549, 1963.
31. Glick, D., Fell, B. F. and Sjolin, K.: Spectro-
photometric determination of nanogram
amounts of total cholesterol in microgram
quantities of tissue or microliter volumes of
serum. Anal. Chem., 36: 1119, 1964.32. Whitfield, R. E.: Steric factors in the chem-
istry of polypeptides, poly-ci-amino acids
and proteins. Science, 142: 577, 1963.33. Hill, Robert L.: Hydrolysis of proteins. Ad-
vances Protein Chem., 20: 37, 1965.34. Richardson, S. H., Hultin, H. 0. and Green,
D. E.: Structural proteins of membrane sys-
tems. Proc. Nat. Acad. Sd. USA, 50: 821,1963.
35. Wurster, D. E. and Dempski, R. E.: Adsorp-
tion of lipid-soluble substances by human
keratin. J. Amer. Pharm. Ass. (Sci. Edit.),
49: 305, 1960.
36. Wurster, D. E. and Dempski, R. E.: Unii
Factori Care Influenteaza Absorbtia Cuta-
nata: I. Permeabilitatea si Adsorbtia Lipide-
br de Keratina din Sectioni de Tesuturi
Umane. Farmacia (Bucharest), 12: 193, 1964.37. Jarrett, A., Path, M. C., Spearman, R. I. C.,
Riley, P. A. and Cane, A. K.: The distribu-
tion of epidermal phospholipids and their
relation to the alkaline phosphatase activity
of the granular layer. J. Invest. Derm., 44:
311, 1965.
38. Brody, I.: The ultrastructure of the epidermis
psonasis vulgaris as revealed by electron
microscopy. J. Ultrastruct. Res., 6: 354, 1962;8: 595, 1963.
39. Rothberg, S., Crounse, R. G., Davis, L., Avo-
gardo, L. and Lamas, J.: The amino acid
composition of protein fractions from nor-
mal and abnormal epidermis. J. Invest.
Derm., 44: 320, 1965.
40. Burch, G. E. and Winsor, T.: Diffusion of
water through dead plantar, palmar and
tonal human skin and through toe nails.
Arch. Derm. (Chicago), 53: 39, 1946.
